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In situ spectroscopic ellipsometry ~SE! has been successfully used to accurately measure sputter
deposition rates and optical constants of un-oxidized metal layers and to control the growth of
magnetic multilayers. The structures include @Co/Cu#n , @Co/Au#n , @Co/Ni#n , @Co/Pd#n and @Co/Pd/
Au#n . Layer thickness precision is better than 60.05 nm for layer thicknesses in the range of 0.2 nm
to 10 nm. Closed-loop feedback control of layer thickness is also demonstrated. Good consistency
was obtained by comparing the in situ SE results to x-ray diffraction measurements. Dynamic
oxidation studies of @Co/Au#n and @Co/Ni#n multilayer structures are also presented. © 1998
American Vacuum Society. @S0734-2101~98!02802-4#

I. INTRODUCTION
Atomically thin metallic multilayers are of special interest
as giant magneto-resistance, spin valve, interlayer exchange
coupling, and magneto-optic recording media.1–5 In all of
these applications the thickness of each layer is in the 0.2
nm–10 nm range and requires precise control. X-ray diffraction ~XRD! is a popular and accurate method to measure the
periodic thicknesses of multilayer structures.6 The shortcoming of XRD is that it cannot measure the thickness of the
individual layers in multilayers and thicknesses in nonperiodic structures. It would also be difficult and expensive
to implement for in situ control. Other methods, such as
x-ray fluorescence or weighing the films, can be used to measure individual layer thicknesses in thin multilayers, but they
assume that the densities of the thin film layers are the same
as bulk materials. Thicknesses are not correct if the roughness of the layers is high or ~and! the media oxidizes rapidly.
Also, for ex situ methods the sample must be removed from
the preparation chamber, and this is time-consuming.
In this article, we describe the use of a diode array-based,
rotating analyzer spectroscopic ellipsometer that takes data
approximately every second.7 As the sputter rates were on
the order of 0.1 nm per sec, precise in situ monitoring of
layer thickness and optical constants was possible. We also
describe a position and temperature controlled platen for positioning samples over one of four magnetron sputter guns
used in thin metallic multilayer formation. That is, in our
system, up to four different materials can be selected under
computer control for making the multilayer structure, and the
sputter deposition rate is accurately determined for each material. Here, we present in situ spectroscopic ellipsometry
~SE! investigations of @Co/Ni#n , @Co/Pd#n , @Co/Au#n ,
a!
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@Co/Ni/Au#n , and @Co/Pd/Au#n multilayers used later for
magneto-optic measurements, and @Co/Cu#n used for interlayer magnetic coupling studies.
Oxidation of metallic layers in single films and multilayers is frequently a problem as it introduces an often unwanted layer and it changes the optical, magneto-optical, and
other magnetic properties. In this article, we also present
results of oxidation studies of @Co/Au#n and @Co/Ni#n structures using in situ SE.
X-ray diffraction measurements were taken on @Co/Au#n
multilayer films to verify the in situ SE results. Good consistency was obtained, and the difference between these two
methods is better than 3%.
II. THEORY AND EXPERIMENT
The metallic thin films and multilayers used for this work
were made by magnetron sputter deposition. The base pressure of the sputter chamber was below 331027 Torr. Both
DC and RF sources were used to generate the plasma. Four
sputter guns can be used at the same time, and they are
located symmetrically on the bottom of the chamber ~Fig.
1a!. The substrate wafers on which the films were deposited
are fixed in holders on a rotating platen in a sputter-up configuration. There are a total of eight sample holders on the
platen, and each sample can be rotated to a position where it
directly faces towards the desired sputter gun. There is a
shutter for each holder which only opens during growth of
the desired host sample. For cases when more than one material is used during growth, such as for making multilayers,
the rotation of the platen can be computer controlled in order
to turn the sample directly above the relevant sputter gun for
different material designs and for precisely controlled deposition times. The software for control coordinates the posi-
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wavelengths. However, acquisition times of 1 sec are normally used, as this is typically the time needed for deposition
of a monolayer of material. This amount of data can also be
regressed within the 1 sec, allowing for closed-loop feedback
control when desired.
Data can be displayed as C and D, or pseudo-optical
constants ^ n& and ^ k& which are the complex optical constants of the sample assuming that it is a single substrate with
no overlayer. The relationship between pseudo- ^ n& and ^ k&
to r @see Eq. ~1!# is given by

^ n1ik & 5

FIG. 1. ~a! Top view showing the location of the sputter guns. ~b! Side view
of the 44 wavelength spectroscopic ellipsometry system.

tion of the sample with data acquisition from the spectroscopic ellipsometer used for in situ calibration of sputter
rates and monitoring of sample growth.
The configuration for the ellipsometer optical ports is
shown in Fig. 1b. Ellipsometric data can be taken from the
sample when it is directly above the sputter gun denoted as
No. 4. A collimated light beam passes through a polarizer
and through a window on the wall of the sputter chamber and
reflects from the sample above gun 4, as seen in Fig. 1b. The
reflected beam passes through a second window and is detected by a combination of rotating analyzer and detector for
measuring the ellipsometric parameters. The narrow and collimated ellipsometric light beam is not in the direct line of
sight with the plasma. Thus, neither the plasma light nor
sputtered material interferes with the ellipsometer.
The ellipsometric parameters r , or C and D, is given by8

r [tan~ c ! e iD 5

RP
RS

,

~1!

where Rp and Rs are sample complex reflection coefficients
for light polarized in the ‘‘p’’ and ‘‘s’’ directions ~parallel
and perpendicular to the plane of incidence, respectively!.
A total of eight samples can be loaded on the platen
which can rotate under the control of the stepper motor. A
computer program was written to control the precise movement of the stepper motor. When the sample for growth is
above gun 4, the program can command ellipsometric data to
be taken.
The spectral range of the ellipsometer contains 44 wavelengths from 415.5 nm to 753.5 nm. As little as 0.04 sec is
needed to acquire one set of data simultaneously at all 44
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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where f 0 is the angle of incidence. In our experiment, f 0 is
set close to 75°.
C and D are calculated assuming a model containing layers with flat parallel interfaces on a substrate. Data are a
function of the optical constants, the thickness of each layer,
and the incident angle ( f ). They also depend on the known
wavelengths of the measurement. With initial estimates for
the unknown layer thickness and/or optical constants and/or
angles of incidence, c and D are computed for all wavelengths. The Levenberg-Marquardt algorithm is used to vary
the model parameters to minimize the biased estimator s b
~weighted mean square difference between calculated and
measured values! given by Eq. ~3! to accomplish the model
fits.9
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Here n is the number of the experimental data points and m
the number of variable parameters.
Spectroscopic ellipsometry has been proven to be an excellent technique for the optical and structural characterization of thin films, and in situ SE has distinct advantages for
studies of ultra-thin films.7,10–12 A few specific advantages of
in situ SE are the following.
~1! Optical constants of films are directly measured without the effects of oxidation.
~2! Ex situ SE analysis is often limited by mathematical
correlation of variables. This problem is greatly reduced
when SE is done in situ.
~3! Growth rates for different materials on different substrates can be determined.
~4! Real time monitoring of thin film growth saves the
enormous post-growth analysis time normally needed to reproducibly make structures with desired properties.
~5! It facilitates simple and direct studies of oxidation and
annealing kinetics for sputtered thin films.
Furthermore, real time regression analysis of the in situ
SE data introduces an easy and precise method for determining thicknesses, growth rates, and optical constants for individual layers in the multilayers or complex multilayer structures. In this article, only C data are presented to reduce the
number of figures.
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FIG. 3. ~a! Comparison of published bulk Co optical constants with results
from our SE fit for thin film Co on a Au underlayer. ~b! Comparison of
optical constants of published bulk Au with those from our fit result for thin
film Au on Si.
FIG. 2. ~a! In situ SE C data taken during growth of a Au film on a Si
substrate, and fitted data using model in ~b!. ~b! Model and fitting results of
the growth rate for the experimental data in ~a!. ~c! In situ SE C data taken
during growth of a Co film on an optically thick Au underlayer, and fitted
data using the model in ~d!. ~d! Model and growth rate for the experimental
data in ~c!. Note: The dotted and solid lines are experimental and fitted SE
data, respectively. Wavelengths range from 413.5 nm to 753.8 nm from
bottom to top ~five out of 44 wavelengths are selected for clarity!.

III. RESULTS AND ANALYSIS
In many respects in situ SE on metallic multilayers differs
from studies of dielectrics. We shall illustrate by examples.
A. Determination of the growth rates and thin film
optical constants

Two methods were used to make multilayers with precise
layer thickness. The first is as follows. Before making thin
multilayers, thicker metal layers were deposited to determine
approximate the growth rates and optical constants. The
sputter growth rates of metallic films on substrates were thus
calibrated by fitting in situ SE data with models simultaneously treating the growth rate, optical constants, and angle
of incidence of the input light beam as variables. This was
easily done each time a new set of substrates was loaded into
the chamber, as oxidation and/or erosion of the sputter target
can take place from run to run.
The model fits for SE data taken from growth of Au on Si
and Co on Au are shown in Figs. 2a and 2c, with their respective models in Figs. 2b and 2d. The growth rates and
optical constants for Au and Co in both fits were variables,
and are assumed to be constant in time. The fits are excellent,
JVST A - Vacuum, Surfaces, and Films

and the experimental and model derived data overlap with
each other. The optical constants obtained from these fits are
accurate, due to the fact that the analysis was continuously
made at all stages of the growth.
In Figs. 3a and 3b, we compare measured optical constants for Co and Au thin film layers, and compare them to
published values from Ref. 13. It is clear that the published
Au data have an unphysical ‘‘kink’’ in part of the spectral
range.13
After calibration of the growth rate and determination of
the optical constants of a metal film, the growth can then be
‘‘controlled’’ by timing the deposition, then signaling the
sputter gun to turn on or off for certain desired thicknesses.
The second way to control layer growth is to take data
during deposition and to simultaneously fit the data to a
model to obtain the thickness value. It is then possible to
have the sputter gun power turn on or off under closed-loop
feedback control, a mode we now discuss.
In a closed-loop control example, Ni films on Si wafer
substrates were deposited by DC magnetron sputtering from
a nickel target in a 10 mTorr argon gas environment. The
deposition rate of the Ni film was varied between 0.08 nm/
sec and 0.16 nm/sec by changing the DC power from 30 W
to 60 W. The data acquisition time was set to 1.5 sec. At any
time, a straight line fit to the three most recent data points
each 1.5 sec apart was used to determine when to turn off the
power supply. It should be pointed out that faster data acquisition is not necessary, as the ellipsometer does not need to
be acquiring data at the time of power shutdown required for
precise thickness control. In our specific chamber it was nec-
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FIG. 4. Closed-loop feedback control of Ni film thickness on a Si substrate:
Target thickness set for 17 nm with a growth rate of 0.08 nm/sec for thickness under 14 nm, and deliberately changed to 0.16 nm/sec for thickness
above 14 nm. The purpose of changing the deposition rate was to demonstrate independent thickness control.

essary to include a turn off transient time ~0.6 sec for the
chamber used for these depositions! to account for the time
between when the control program signaled the sputter gun
to turn off and when it finally shut down.
As shown in Fig. 4, a Ni film with a 17 nm target thickness was deposited at 0.08 nm/sec before the thickness
reached 14 nm, and the deposition rate was manually increased to 0.16 nm/sec after 14 nm. This was done to test the
control program’s ability to adapt to changes during deposition. The final thickness was within 0.02 nm of the target
value.
B. Determination of the thicknesses and optical
constants in multilayers

The first procedure described in Sec. III A, that of calibrating the growth rate and timing the deposition, was followed each time by preparation of a new set of eight
samples. For example, knowing the growth rates of Au on Si,
Co on Au, and Au on Co, permitted choice of the length of
time for growing the Au and Co layers in the multilayers to
make a @Co/Au#n/Au/Si structure.
Optical contrast of spectrally dependent optical constants
between some metals can sometimes be very small, such as
between Co and Ni or between Co and Pd. Certain techniques are necessary to distinguish between layers of different metals. For this reason, an in situ SE study of multilayers
with both high and with low optical contrast, as well as
deposition of a three-layer multilayer structure were undertaken.
1. Multilayers with high optical contrast—[Co/Au]/Au,
[Co/Cu]/Cu

In situ SE data taken from magnetic and non-magnetic
multilayer @Co/Au#10/Au and @Co/Cu#50/Cu structures are
shown in Figs. 5a and 5b, respectively. These structures and
materials are of great importance for giant magnetoresistance, spin-valve and other applications due to the possible
control of magnetic exchange coupling between layers. The
high optical contrast between Co and Au and between Co
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998

FIG. 5. ~a! In situ SE data during deposition of magnetic @Co/Au#10/Au. ~b!
In situ SE data for magnetic @Co/Cu#50/Cu multilayer structures. Note:
Wavelengths range from 413.5 nm to 753.8 nm from bottom to top ~five out
of 44 wavelengths are selected for clarity!.

and Cu makes it easy to distinguish between the two layers
from the in situ SE data, as well as to determine the quality
of the multilayers.
Two different @Co/Au#10/Au structures with different Au
layer thicknesses are shown in Figs. 6a and 6c and the models with fitting results are shown in Figs. 6b and 6d, respectively. In both cases, the underlayer thicknesses and the individual layer thicknesses obtained from the after-growth fits
are within 0.1 nm of the designed thicknesses using the calibrated growth rates.
The optical constants of Co in the multilayer appear to be
different from those of the Co film on Au obtained from the
fit in Fig. 2 and from published bulk values.13 Notice that the
thickness of the Co layer is only a few monolayers. The
optical constants obtained here are average values for this 0.6
nm thick layer. They could be affected by the mixture of Au
and Co atoms at the interface and also by the roughness and
structural changes of the Co layer due to the lattice constant
difference between Co and Au.
2. Multilayers with low optical contrast—[Co/Ni]/Au,
[Co/Pd]/Au

Unlike @Co/Au#, some multilayers contain different materials with low optical contrast, such as @Co/Ni# and @Co/Pd#.
The low optical contrast makes it difficult for the regression
analysis to locate the interfaces between the different materials. This leads to a relatively large correlation between the
floating parameters: thicknesses and optical constants of different layers.
This problem can be solved using three ‘‘tricks.’’ First,
there is a large difference between the growth rates of the
different materials. Time during deposition is under the ex-
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FIG. 6. ~a! Experimental and fitted in situ SE data for a @Co~0.6 nm!/Au~6.0
nm!#10/Au structure. ~b! Model fit results ~growth rates and layer thicknesses! for the SE data in ~a!. ~c!Experimental SE data and model fit for a
@Co~0.6 nm!/Au~2.0 nm!#10/Au structure. ~d!Model fit results ~growth rates
and layer thicknesses! for the SE data in ~c!. Note: The dotted and solid lines
are experimental and fitted SE data, respectively. Wavelengths range from
413.5 nm to 753.8 nm from bottom to top ~five out of 44 wavelengths are
selected for clarity!.

perimenter’s control. With a fixed acquisition time (;1 sec
for all 44 wavelengths!, the amount of data per unit thickness
for the different materials is inversely proportional to their
growth rates. Second, the multilayers can be made on semiconductor wafers ~Si, GaAs, etc.!, on transparent substrates
~fused silica or glass!, or on other materials with much different optical constants from the layer being deposited ~for
example, Co or Ni on Au or Cu!. These two procedures
produce sufficiently high optical contrast between materials,
as long as the layers are ‘‘optically thin,’’ so that the light
reaches the substrate.
Results using these two ‘‘tricks’’ are demonstrated by the
experimental data in Figs. 7a and 7c for magneto-optical
multilayer structures of @Co/Ni#/Au and @Co/Pd#/Au, respectively. The models in Fig. 7b and 7d were used for fitting
these two sets of data, where the floating parameters of the
fits were thickness, growth rate, and optical constant. The
corresponding calculated data from the fits are also shown in
Figs. 7a and 7c with the fitted growth rates and layer thicknesses shown on the model structures in Figs. 7b and 7d,
respectively.
The third method to obtain sufficient optical contrast is to
JVST A - Vacuum, Surfaces, and Films
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FIG. 7. ~a! Experimental and fitted SE data for a @Co~0.4 nm!/
Ni~3.6 nm!#4 /Au structure. ~b! Model fit results ~growth rates and layer
thicknesses! for the SE data in ~a!. ~c!Experimental data and fitted SE data
for a @Co~0.8 nm!/Pd~3.0 nm!#10/Au structure. ~d! Model fit results ~growth
rates and layer thicknesses! for the SE data in ~c!. Note: The dotted and solid
lines are experimental and fitted SE data, respectively. Wavelengths change
from 413.5 nm to 753.8 nm from bottom to top ~five out of 44 wavelengths
are selected for clarity!.

use a wide range of wavelengths in order to include regions
of higher optical contrast. That is, by taking data over a wide
spectral range, contrast can usually be found.
3. Three-constituent multilayer structures

The in situ SE techniques introduced in Secs. III B1 and
B2 were used for controlling the growth of multilayers with
three different magnetic and non-magnetic materials. In situ
SE data from the magnetic multilayer @Co/Pd/Au#n/Au are
shown in Fig. 8a. In the initial stages of growth, the optical
contrast between Co and Pd is higher than that between Co
and Au and that between Pd and Au. This is due to the fact
that the multilayer was grown on a Au underlayer, which
makes the first several Au layers difficult to distinguish. On
the other hand, the difference in the growth rates for Co and
Pd produced in effect a higher contrast with different Co and
Pd growth rates. This contrast disappears at later times when
the multilayer became optically thick. Meanwhile, the contrast produced between Au and Co and between Au and Pd
increases. We were able to obtain a good fit for this set of
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FIG. 8. ~a! Experimental and fitted SE data for a @Co~1.2 nm!/Pd~2.8 nm!/
Au~1.9 nm!#10/Au structure. ~b!Model fit results of growth rates and layer
thicknesses. Note: The dotted and solid lines are experimental and fitted SE
data, respectively. Wavelengths range from 413.5 nm to 753.8 nm from
bottom to top ~five out of 44 wavelengths are selected for clarity!.

data using the model seen in Fig. 8b, and the thicknesses and
growth rates of the layers were then determined from the fit.
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FIG. 10. Small angle x-ray diffraction measurement result for a @Co~0.6
nm!/Au~6.0 nm!#50 structure confirming the bilayer thickness determined by
in situ SE.

oxidation was found within 0.4 sec, and the oxide became
relatively stable after about 10 sec. It is obvious that oxidation can rarely be studied by removing the sample from the
chamber with subsequent attempts at analysis in another location.

C. Oxidation

Oxidation was studied by taking in situ SE data before
and after opening the sputter chamber without moving the
sample. In Fig. 9a, the pre-opened and post-opened data
taken from a @Co~6 Å!/Au~60 Å!#50/Au film overlap with
each other. However, fast oxidation was found for the @Co/
Ni#n multilayers; in Fig. 9b, we present SE data taken from a
@Co~4 Å!/Ni~35 Å!#50/Au film before, and up to 36 sec after
opening the sputter chamber to the atmosphere. Immediate

D. X-ray diffraction

Excellent small angle and high angle XRD patterns were
obtained from the @Co~6 Å!/Au~60 Å!#50/Au and @Co~6 Å!/
Au~20 Å!#50/Au films. After analyzing these XRD data, we
calculated the Co and Au bilayer thicknesses for each of
these two multilayers. Fits to the data are shown in Fig. 10.
The differences between XRD and the in situ SE results for
bilayer thicknesses are smaller than 3%.
IV. SUMMARY
In situ SE was successfully used for both closed-loop
feedback control of layer thicknesses, as well as to calibrate,
timed growth of a variety of metallic multilayer structures.
SE is seen to be an easy and non-destructive method to measure layer thicknesses on a subnanometer scale and to determine the optical constants of materials in multilayers as well.
In situ SE has the advantage over XRD for layer thickness
determination in that individual layer thicknesses can be precisely determined. XRD requires periodic thicknesses in a
multilayer. Furthermore, SE provides a powerful and direct
method for dynamical study of oxidation of thin film materials.
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FIG. 9. In situ SE data taken before and after opening the sputtering chamber
from ~a! @Co~0.6 nm!/Au~6.0 nm!#50/Au and ~b! @Co~0.4 nm!/Ni~3.6 nm!
#50/Au multilayer structures.
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